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Transition metals such as iron, zinc, copper, and manganese are essential for the growth and development
of organisms ranging from bacteria to mammals. Numerous studies have focused on the impact of iron
availability during bacterial and fungal infections, and increasing evidence suggests that copper is also
involved in microbial pathogenesis. Not only is copper an essential cofactor for specific microbial enzymes,
but several recent studies also strongly suggest that copper is used to restrict pathogen growth in vivo. Here,
we review evidence that animals use copper as an antimicrobial weapon and that, in turn, microbes have
developed mechanisms to counteract the toxic effects of copper.Introduction
The mammalian host provides an attractive niche for
microbes, as it provides a rich supply of nutrients and biochem-
ical cofactors including metals. Almost all fungi and bacteria
require iron (Fe) for growth, and the acquisition of this metal
has been extensively studied as an important step in microbial
pathogenesis. Fe is the most abundant transition element in hu-
mans (3 to 5 g in an average person) but is mostly in a highly
inaccessible, hemoglobin-bound form. Serum concentrations
of Fe and zinc (Zn) can decrease upon the onset of acute
bacterial and parasitic infections (Prentice et al., 2007), and
Zn is also found in reduced amounts in tissue abscesses
caused by Staphylococcus aureus (Corbin et al., 2008). Host
deprivation of metals such as Fe, manganese, and Zn—or
‘‘nutritional immunity’’—is a critical mechanism used by the
host to control the growth of potentially pathogenic organ-
isms (Weinberg, 1975). Perhaps not surprisingly, increased Fe
availability is often correlated with aggravated infections
(Doherty, 2007; Weinberg, 2009), and pathogens have devel-
oped numerous mechanisms to extract essential metals from
its host (Kehl-Fie and Skaar, 2010; Schaible and Kaufmann,
2004).
Copper (Cu) is a critical component of proteins involved in
a variety of cellular processes. As a redox-active metal ion, Cu
exists in the reduced [‘‘Cu(I)’’ or ‘‘Cu+’’] or oxidized state
[‘‘Cu(II)’’ or ‘‘Cu2+’’], thereby providing a rich chemical environ-
ment for diverse biological ligands that are partners for its
many structural and catalytic roles. Enzymes and proteins
such as Cu, Zn superoxide dismutase, cytochrome oxidase,
methane mono-oxidase, dopamine b-hydroxylase, and the
ethylene receptor all bind Cu as an essential ligand for their
activity. Computational genome analysis for proteins with poten-
tial Cu-binding domains estimates bacterial proteomes are
0.3% cuproproteins (Andreini et al., 2008). Furthermore, anal-
ysis of 450 bacterial genomes found 72% encode at least one
putative Cu-dependent protein (Ridge et al., 2008).106 Cell Host & Microbe 11, February 16, 2012 ª2012 Elsevier Inc.Despite the critical role of Cu in a wide array of biological
processes, too much Cu is toxic. The antimicrobial benefits of
Cu have been known for thousands of years, and Cu has been
used in healthcare and agriculture by many cultures. One of
the earliest testimonies of Cu dates as far back as 2400 B.C. in
an ancient Egyptian medical text known as the Smith Papyrus,
where Cu was reported for its water and wound sterilization
properties (Dollwet, 1985). The benefits of Cu to human health
were also reported during the cholera epidemics in Paris in the
1800s, when Cu workers were found to be less susceptible to
the disease (Burq, 1867). Perhaps one of the most important
developments in agricultural Cu history came in the 1880s with
the creation of the Bordeaux mixture by Pierre-Marie-Alexis
Millardet. Cu sulfate and lime mixtures were sprayed onto grape
vines to keep them mildew free. Thereafter, this mixture proved
useful in preventing fungal infections in other plants, controlling
the growth of algae in water reservoirs and on timber, as well
as preserving fabric (Borkow and Gabbay, 2005).
Today, Cu continues to be used for its antimicrobial properties
in plumbing (Borkow andGabbay, 2005), and trials are underway
to determine whether Cu-containing surfaces can significantly
reduce nosocomial infections (Casey et al., 2010; Marais et al.,
2010; Mikolay et al., 2010). In 2008, the U.S. Environmental
Protection Agency officially registered Cu alloys as antimicro-
bials (EPA, 2008).
Copper and Infection
Cu is an essential cofactor for a wide variety of enzymes that are
critical for cell growth, differentiation, and survival in organisms
from bacteria to plants to mammals. Moreover, the redox
chemistry of Cu that provides biochemical catalytic power also
underlies its potential as a cellular toxin. Consequently, the use
bymetazoan hosts of Cu as an antimicrobial agent may account,
in part, for its essentiality to the host. As discussed earlier,
although the antimicrobial benefits of Cu ex vivo are well estab-
lished, it has only recently become apparent that Cu may
Figure 1. Model for the Trafficking of Cu to the Macrophage
Phagolysosome for Microbiocidal Activity
Shown are yeast (red) and bacterial cells (black) phagocytosed into a macro-
phage phagosome, where the hostile environment for microbial survival
includes low Fe, low pH, the presence of hydrolases, and the generation of
nitric oxide (,NO) and superoxide anion (,O2
). In activated macrophages,
there is a stimulation of Ctr1 and ATP7A expression and increased levels of the
Ctr1 Cu+ importer on the plasma membrane and the ATP7A Cu+ pump on the
phagolysosomal membrane. Atox1 is a cytosolic Cu chaperone that carries
Cu+ (blue) to the cytosolic Cu binding domains of ATP7A. It is currently unclear
whether lumenal Cu is microbiocidal due to its generation of hydroxyl radical
via Fenton chemistry, its inherent toxicity to microorganisms via disruption of
Fe-S clusters, or a combination of both mechanisms.
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notion that Cu plays an important role in controlling infections
may not be so surprising since dietary Cu deficiency in farm
animals has been associated with increased susceptibility to
bacterial infection and patients who have Menkes disease, a
lethal Cu deficiency disorder, are highly prone to microbial infec-
tion (Agertt et al., 2007; Gunn et al., 1984; Kreuder et al., 1993;
Uno and Arya, 1987).
Macrophages and the Use of Cu as an Antimicrobial
Weapon
Phagocytes such asmacrophages represent one of the first lines
of defense against invading microbial pathogens. The uptake of
microbes results in a cascade of events including the production
of microbiocidal compounds and the secretion of proinflamma-
tory mediators by the phagocyte. Within the lumen of the phag-
olysosome microbes are presented with a host of insults, in-
cluding an acidic pH, the generation of nitric oxide (,NO), a
bevy of hydrolytic enzymes, antimicrobial peptides, and reactive
oxygen species such as superoxide anion (,O2
) (reviewed in
Nathan and Shiloh, 2000; Shiloh and Nathan, 2000) (Figure 1).
More recently, several reports provide compelling evidence
that Cu also plays a role in antimicrobial activity. X-ray micro-
probe analysis demonstrated that, while some elements exhibit
a decreased abundance in the phagosome of interferon-g
(IFN-g)-treated macrophages, Cu levels increase dramatically
in the presence of mycobacteria (Wagner et al., 2005). The
increased levels of phagosome-associated Cu may be due to
the IFN-g-dependent elevation of the steady-state levels of
the plasma membrane Ctr1, high-affinity Cu+ importer and
ATP7A, a P-type ATPase Cu+ pump (White et al., 2009). P-typeCATPases are cytoplasmic membrane proteins found in both
prokaryotes and eukaryotes and are frequently associated with
metal ion transport (reviewed in Palmgren and Nissen, 2011).
ATP7A is normally localized to the trans-Golgi network, where
it delivers Cu+ to the lumen for loading onto Cu+-dependent
secreted enzymes (reviewed in Kim et al., 2008) (Figure 1). Under
conditions of either IFN-g or LPS activation, a population of
ATP7A, the protein associated with Menkes disease, localizes
to the phagosomal membrane. This localization can be abro-
gated with the potent intracellular Cu+ chelator tetrathiomolyb-
date, suggesting that ATP7A-phagosome colocalization occurs
in response to the influx of Cu driven by elevated levels of
Ctr1. RNA interference (RNAi) depletion of ATP7A in RAW264.7
cells reduces microbiocidal activity against E. coli consistent
with the notion that ATP7A pumps Cu+ into the phagosome to
help control bacterial growth (White et al., 2009). Interestingly,
another study showed that the introduction of bacteria into a
sterile mouse intestine results in a 3-fold elevation of messenger
RNA (mRNA) encoding theCtr1Cu+ importer, with a concomitant
5-fold reduction in metallothionein (MT) transcript levels in host
intestinal epithelial cells (Hooper et al., 2001). MTs are low
molecular weight, cysteine-rich proteins that bind metals, and
protect against metal-mediated toxicity. Collectively, these
data suggest that, among other functions, this host response
could stimulate the accumulation of bio-available Cu to ward
off invading microbes.
HowDoesCopper Kill? In phagocytic cells, hydrogen peroxide
(H2O2) is generated by the disproportionation of ,O2
 produced
by a membrane bound NADPH oxidase. As redox-active metals,
Cu and Fe engage in chemical reactions with H2O2 that lead




These radicals can damage lipids, nucleic acids, and proteins,
leading to cell death (Halliwell and Gutteridge, 1985). Consistent
with this hypothesis, the bacteriocidal activity of Cu added to
a macrophage-like cell line (RAW264.7) is enhanced by H2O2
(White et al., 2009). However, other studies suggest alternative
mechanisms of Cu toxicity. Imlay and coworkers first observed
that Cu toxicity in E. coli does not involve oxidative DNA damage,
even in the presence of exogenously added H2O2 (Macomber
et al., 2007). Curiously, they also showed that Cu could suppress
Fe-mediated oxidative damage to DNA in E. coli for reasons that
are unclear. A follow-up study proposed an alternative mecha-
nism of Cu toxicity to bacteria. Macomber and Imlay observed
that Cu blocks branched-chain amino acid synthesis and
hypothesized that dehydratases involved in branched-chain
amino acid biosynthetic pathways are the primary targets of
Cu, which could displace Fe atoms from dehydratase Fe-S clus-
ters. Supporting this hypothesis, it was demonstrated that the
addition of branched-chain amino acids to E. coli cultures
restores bacterial growth impeded by Cu treatment (Macomber
and Imlay, 2009). The observation that silver (Ag) has potent and
clinically useful antimicrobial activity is also interesting in this
regard. Ag is a redox inert metal that is electronically similar to
Cu+, but not Cu2+, and its thiophilic nature would also predict
an ability to displace Fe from Fe-S clusters. This suggests thatell Host & Microbe 11, February 16, 2012 ª2012 Elsevier Inc. 107
Figure 2. Cu Homeostasis Pathway Models in
Gram-Positive and -Negative Bacterial Pathogens
(A) Gram-positive bacteria, based on E. hirae. It is believed
Cu (blue) enters the cell via CopA. CopZ, a Cu chaperone,
forms dimers that bind two Cu+ atoms and transfers them
to CopY or other proteins. Consequently, a dimer of CopY
bound to four Cu+ detaches from the copA promoter and
derepresses expression of copYZAB operon, allowing
resistance to Cu toxicity.
(B) Gram-negative bacteria, based on Salmonella. Left:
Cue system. Cu enters the periplasmic space, most likely
through porins in the outer membrane, and crosses
the inner membrane into the cytoplasm by an unknown
mechanism. Within the cytoplasm, the Cue system re-
sponds to Cu: CueR changes its conformation upon Cu+
binding, resulting in the expression of cueP, copA, cuiD,
and cueR.CopA exports Cu+ to the periplasmic space and
CuiD oxidizes Cu+ to Cu2+. Maximum induction of copA
and cueO genes upon Cu exposure is detected within
2–3 min (Thieme et al., 2008). CueR is extremely sensitive
to Cu+ (1021 M) (Changela et al., 2003) and therefore
appears to be the primary Cu sensor in these bacteria.
Right: Gol system. When Cu is in the inner space, GolS is
thought to bind Cu+, resulting in derepression of the gol
operon. GolT is proposed to export Cu+ to the perisplasm.
CueP and GolB are proposed to be perisplasmic and
cytoplasmic, respectively, Cu chaperones.
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rather than via redox cycling.
McEwan and colleagues confirmed that the supplementation
of Cu-treated E. coli cultures with branched-chain amino acids
rescues bacterial survival; however, the addition of exogenous
amino acids cannot rescue a Salmonella multicopper oxidase
mutant from Cu-mediated toxicity (Achard et al., 2010). There-
fore, the targets for Cu in this Salmonella strain are unclear.
Taken together, the precise mechanisms for how Cu (and other
metals) kills microorganisms is likely to be multifactorial and
may vary depending on the microbe and is clearly in need of
further investigation.
Mechanisms for Copper Regulation in Pathogenic
Bacteria
Bacteria tightly regulate cytoplasmic Cu concentrations in order
to minimize toxicity while ensuring an adequate supply for
cuproproteins. First, bacteria in general encode very few Cu-
dependent enzymes. Second, bacterial cuproproteins tend to
be periplasmic or extracellular, rather than cytoplasmic. In the
event Cu levels become too high, bacteria have also developed
mechanisms to alleviate Cu-induced stress. Some of the initial
observations that suggested bacteria encode Cu resistance
systems came from studies of the Gram-positive bacterium
Enterococcus hirae (E. hirae). E. hirae is highly resistant to Cu
due to the presence of a four gene operon, copYZAB (Odermatt
et al., 1992) (Figure 2A). CopA and CopB are P-type ATPases,
similar to the ATP7A and ATP7B proteins in humans, which
undergo conformational changes to drive Cu+ ion transport108 Cell Host & Microbe 11, February 16, 2012 ª2012 Elsevier Inc.across membranes (reviewed in Palmgren and
Nissen, 2011). In E. hirae, CopA was believed
to be a Cu importer, while CopB functions as
a Cu exporter. The idea that CopA is a Cu im-
porter was based on observations that copA
mutants do not grow well in Cu-limiting media(Solioz and Stoyanov, 2003). However, recent data from Arguello
and colleagues demonstrate that CopA is a Cu exporter (Rai-
munda et al., 2011). Thus, it remains to be determined why a
copA mutant grows poorly under Cu-limiting conditions.
In addition to the P-type Cu-transporting ATPases, the E. hirae
cop operon encodes the Cu chaperone CopZ and the transcrip-
tional regulator CopY (Figure 2A). CopZ binds two Cu+ atoms in
a solvent accessible manner, presumably to facilitate their trans-
fer to CopY or other proteins. Under low Cu conditions, Zn2+
binds CopY, which represses expression from the copA pro-
moter. In the presence of Cu+, Zn2+ is replaced with Cu and
CopY releases from the copA operator allowing the expression
of the copYZAB operon and resistance to Cu toxicity (reviewed
in Solioz and Stoyanov, 2003). Although E. hirae Cu resistance
has not been the subject of pathogenesis studies, the identifica-
tion of P-type ATPase transporters, a Cu+ chaperone and a tran-
scription factor provided a model Cu-resistance paradigm for
studies in other bacteria.
For a general overview on bacterial Cu homeostasis, we refer
readers to Osman and Cavet (2008). We apologize to authors
whose work could not be covered in this review due to space
limitations. Here, we focus on the Cu resistance mechanisms
that have been implicated in bacterial pathogenesis.
Cue Systems
Salmonella and E. coli. The Gram-negative Enterobacteriaceae
Eschericia coli (E. coli) and Salmonella enterica sv. Typhimurium
(Stm) encode highly similar Cu-responsive regulons known as
the Cue (Cu efflux) system. Stm is a common cause of gastroen-
teritis after the consumption of contaminated food or water. The
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a periplasmic multicopper oxidase (CueO in E. coli and CuiD in
Stm); and CueR, a DNA binding protein that activates transcrip-
tion from the copA and cueO/cuiD promoters in the presence of
Cu (Figure 2B) (Achard et al., 2010; Espariz et al., 2007; Kim et al.,
2002; Lim et al., 2002; Osman et al., 2010; Outten et al., 2000;
Petersen and Møller, 2000; Rensing et al., 2000; Stoyanov
et al., 2001). Unlike some of the other Cu responsive regulators
to be discussed in this review, CueR, a MerR family protein
(reviewed in Brown et al., 2003), does not dissociate from DNA
to allow gene expression but rather changes its conformation
to either activate (with Cu+) or repress (no Cu+) transcription. In
E. coli CueR binds one equivalent of Cu+ to activate gene
expression (Chen et al., 2003).
Mutations in the Cu exporter gene copA sensitize Stm and
E. coli to Cu (Espariz et al., 2007; Outten et al., 2001). However,
anStm copAmutant has a relatively mild Cu sensitive phenotype
compared to an E. coli copA mutant, suggesting Stm has com-
pensatory Cu detoxification systems (Osman et al., 2010). Cavet
and colleagues noticed that Stm harbors a cluster of genes
previously associated with gold resistance called golTBS that
is not present in E. coli (Osman et al., 2010). GolT is a likely
P-type ATPase, GolS is a distant CueR homolog, and GolB is
a predicted cytoplasmic metal chaperone (Checa et al., 2007)
(Figure 2B). The gol operon is Cu-inducible, yet deletion of golT
alone does not sensitize Stm to Cu under conditions tested so
far (Checa et al., 2007). However, a highly Cu-sensitive pheno-
type is observed when both golT and copA (DgolTDcopA) are
deleted and the bacteria are grown in minimal media prior to
Cu treatment (Osman et al., 2010). Thus, it appears CopA and
GolT work together to extrude Cu from the bacterial cytoplasm
under these conditions. Despite this encouraging result, the
DgolTDcopA strain has a subtle growth defect in RAW264.7
macrophages and no attenuation is detected in orally infected
C57BL/6 mice (Osman et al., 2010).
In contrast to the DgolTDcopAmutant, an Stm strain deficient
in the Cu oxidase CuiD is not only sensitive to Cu in vitro (Espariz
et al., 2007) but is also attenuated in a mouse model of infection
(Achard et al., 2010). It is notable that the difference in results
between the DgolTDcopA and cuiD studies may be due to the
bacterial doses used in these experiments (109 DgolTDcopA
versus 107 colony-forming units of DcuiD) (Achard et al., 2010;
Osman et al., 2010). It may be necessary to perform 50% lethal
dose (LD50) or competition experiments to detect a phenotype
associated with these mutants in vivo.
Unlike what is observed in Stm, disruption of cueO (cuiD) does
not attenuate uropathogenic E. coli (UPEC) in a systemic infec-
tion model, despite increasing bacterial sensitivity to Cu in vitro
(Tree et al., 2008). However, a systemic mouse model may not
best represent a natural UPEC infection, which normally occurs
in the urinary tracts of humans. Thus, it remains possible that
host factors such as Cu play an important role in urinary tract
infections.
In Stm, CueR also regulates the expression of a gene encod-
ing a second periplasmic Cu binding protein called CueP
(STM3650), the function of which is unknown (Osman et al.,
2010; Pontel and Soncini, 2009). Like CuiD/CueO, CueP is a peri-
plasmic protein in Stm that confers Cu resistance under anaer-
obic conditions by an undetermined mechanism (Osman et al.,C2010; Pontel and Soncini, 2009). Presumably CueP binds Cu
to shield it from other proteins during anaerobiosis. Thus far,
cueP is only found in bacteria that do not have theCus (Cu-sensi-
tive) Cu-responsive system found in E. coli K-12 strains, an
observation that led Pontel and Soncini to speculate that CueP
functionally substitutes for the cus system for periplasmic Cu
resistance (Pontel and Soncini, 2009). Intriguingly, other entero-
pathogenic bacteria encode CueP-like proteins, perhaps sug-
gesting that CueP is involved in combating gut-associated Cu
(Hooper et al., 2001). It remains to be determined if cueP in
any bacterial species is important in an animal infection model.
Pseudomonas. Pseudomonas aeruginosa (Pa) is an opportu-
nistic animal and plant pathogen that flourishes in hospitals
and is among the most common nosocomial infections in the
United States and is particularly problematic in patients with
the pulmonary disease cystic fibrosis (Driscoll et al., 2007). Pa
is well known for its antibiotic resistance and is also highly resis-
tant to Cu (Deredjian et al., 2011; Driscoll et al., 2007; Kerr and
Snelling, 2009). Pa harbors cueAR, which encodes a P-type
ATPase (known asCueA or CopA1 inPa) and the CueR repressor
(Thaden et al., 2010). As predicted, a cueA/copA1 mutant is
hypersensitive to Cu in vitro (Schwan et al., 2005; Teitzel et al.,
2006). Folger and colleagues speculated that perhaps this Cu-
resistance system was important not only during environmental
exposure to Cu, but also during infections. Indeed, a cueA
mutant is highly attenuated in a systemic murine infection model
(Schwan et al., 2005). The cueA/copA1 mutant has an LD50 50
times higher than that of wild-type Pa. Furthermore, in vivo com-
petition analysis between cueA/copA1 and wild-type strains
showed a 20-fold reduction of mutant bacteria in spleens after
24 hr (Schwan et al., 2005), supporting the hypothesis that Pa
must resist Cu in a mammalian host.
CsoR Systems
Mycobacterium tuberculosis. The causative agent of the pulmo-
nary disease tuberculosis is Mycobacterium tuberculosis (Mtb),
a bacterial pathogen that is only naturally found in humans.
The first clue for the presence of Cu during tuberculosis infec-
tions was provided by the transcriptional analysis of the virulent
Mtb strain H37Rv. The comparison ofMtb grown in BALB/cmice
versus broth revealed a locus that was termed the in vivo-
expressed genomic island (iVEGI) (Talaat et al., 2004). Among
the iVEGI genes are ctpV (cation transport protein V), which
encodes a presumed P-type ATPase metal transporter, and
Rv0967, a putative transcriptional regulator. Giedroc and co-
workers determined that Rv0967 is a Cu-sensing regulator that
binds to DNA as a dimer of dimers in the absence of Cu+ (Liu
et al., 2007). Binding of Cu+ results in the derepression of tran-
scription of the Rv0967-ctpV operon (Figure 3). Based on these
results, Rv0967 was named CsoR for Cu-sensitive operon re-
pressor. CsoR is the founding member of a large family of regu-
lators found in numerous bacterial species.
Based on these studies, Talaat and colleagues hypothesized
that Mtb encountered Cu in the host, an idea also supported
by a study showing Cu concentrations transiently increase in
peritoneal macrophages infected with Mtb (Wagner et al.,
2005). A microarray analysis of Mtb exposed to various levels
of Cu sulfate demonstrated that 30 genes are differentially ex-
pressed in response to Cu in vitro, including ctpV and csoR
(Ward et al., 2008). Three other genes, annotated to encodeell Host & Microbe 11, February 16, 2012 ª2012 Elsevier Inc. 109
Figure 3. Cu Homeostasis in M. tuberculosis
There are currently three known Cu responsive pathways
in Mtb. The RicR regulon is unique to pathogenic myco-
bacteria while MctB and CtpV are found in both patho-
genic and nonpathogenic species. Interestingly, CsoR is
less well conserved than RicR among bacterial species.
Both CsoR and RicR dissociate from DNA upon Cu (light
blue circles) binding. Rv0846c is a putative multicopper
oxidase. LpqS and Rv2963 are predicted to encode a
lipoprotein and permease, respectively, but their roles, if
any, in Cu homeostasis are unknown. MymT is a Cu+ MT
that binds up to six Cu+ and protects against Cu toxicity. A
Cu chaperone has not yet been identified inMycobacteria.
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and Rv2642), were also identified. Because csoR was the most
strongly Cu-induced regulator, it seemed likely that disruption
of CsoR-regulated genes would be worth pursuing. Along these
lines, the Talaat group characterized anMtbmutant with a dele-
tion-disruption mutation in ctpV. The ctpV mutant is sensitive to
Cu, a phenotype that could be partially complemented. The ctpV
mutant does not show any difference in the colonization of
BALB/cmouse lungs and has amodestly reduced ability to colo-
nize guinea pig lungs at early stages of infection (Ward et al.,
2010). In a long-term survival assay in mice, animals infected
with the ctpV mutant live longer than mice infected with wild-
type Mtb. Complementation of the ctpV mutation, however,
does not restore full virulence of the mutant, perhaps because
Cu resistance is also not fully complemented. Nonetheless,
CtpV appears to have a role inMtb pathogenesis in thesemodels
of infection.
In addition to CsoR, it was noted that additional putative
metal-responsive regulators were present in Mtb (Liu et al.,
2007; Ward et al., 2008). CsoR is highly similar to Rv0190, which
was eventually determined to be a Cu responsive regulator
named RicR (regulated in Cu repressor). Interestingly, RicR is
more similar to CsoR homologs in several other bacterial spe-
cies, including Bacillus subtilis (Smaldone and Helmann, 2007),
than Mtb CsoR. Under low Cu concentrations, RicR appears to
directly repress the expression of five loci distributed throughout
the Mtb chromosome, including ricR itself (Festa et al., 2011)
(Figure 3). Intriguingly, four of the RicR-regulated genes are
unique to pathogenic mycobacteria, including a gene that en-
codes a Cu MT. MTs had previously only been characterized in
eukaryotes and in the cyanobacterium Synechococcus (Olafson
et al., 1988). Mycobacterium methallothionein, or MymT, was
found fortuitously in a screen forMtb genes that conferred resis-
tance to a compound that inhibited the growth of a distantly
related, nonpathogenic Mycobacterium species, M. smegmatis
(Msm) (Gold et al., 2008). Like other MTs, MymT is small,110 Cell Host & Microbe 11, February 16, 2012 ª2012 Elsevier Inc.cysteine-rich and binds Cu+. Consistent with
the hypothesis that MTs have a protective effect
against Cu, deletion of mymT sensitizes Mtb to
Cu sulfate, and this sensitivity can be reversed
with the addition of a Cu+ chelating agent.
Genetic deletion of mymT does not attenuate
virulent Mtb in a mouse model of infection,
thus the contribution of MymT to pathogenesis
remains unclear.Disruption of the ricR repressor gene results in hyper-resis-
tance to toxic levels of Cu. Hyperresistance could be due solely
to the elevated MymT levels found in the ricR mutant (Festa
et al., 2011), but it remains to be determined if the other un-
characterized RicR-regulated genes also play a role. A putative
multicopper oxidase, Rv0846c, is also RicR regulated and may
contribute to Cu resistance. It is predicted that Rv0846c is
secreted beyond the cytoplasmic membrane by a twin arginine
translocation (Tat) system (McDonough et al., 2005), perhaps
to oxidize Cu+ to Cu2+ extracellularly. RicR does not regulate
genes encoding P-type ATPases or homologs of other Cu re-
sponsive proteins. It is notable that unlike disruption of ricR,
which affects at least five promoters, deletion of csoR only
changes the expression of the cso operon (Festa et al., 2011)
(Figure 3). It is fascinating that RicR regulates genes unique to
pathogenic Mycobacteria, suggesting host-adapted species of
mycobacteria encounter Cu in animals. However, it remains to
be determined if any of the RicR-regulated genes are required
for Mtb pathogenesis.
It is notable that Mtb has two paralogous Cu repressors that
function to protect bacteria from Cu toxicity. It is possible
that Mtb has evolved a graded response to Cu toxicity such
that RicR and CsoR have different binding affinities for Cu. This
may indicate that differing concentrations of Cu are encountered
in the host.
Listeria monocytogenes. Listeria monocytogenes (Lmo) is
a Gram-positive bacterium that typically causes gastroenteritis
but can be fatal in immunocompromised individuals and preg-
nant women who have ingested contaminated food or water. A
recent study examined the function of CsoR, CopA, and CopZ
encoded in a single Cu-inducible, CsoR-regulated operon in
Lmo. Although deletion of the P-type ATPase transporter gene,
copA, results in hyper-sensitivity to Cu, the DcopA::lacZ mutant
is as virulent aswild-type Lmo in a high dose oral mouse infection
model (Corbett et al., 2011). Furthermore, although copZ overex-
pression protects against Cu toxicity in an Lmo strain that cannot
Cell Host & Microbe
Reviewrespond to elevated Cu levels, a DcopZmutant is as resistant to
Cu as wild-type bacteria (Corbett et al., 2011). This observation
suggests that under very high Cu concentrations CopZ is not
absolutely required to chaperone Cu to CopA for export in
Lmo, or that alternative Cu chaperones could transfer Cu to
CopA. Importantly, although CopZ is homologous to Cu chaper-
ones, there are no data to support this function. CopZ may
instead simply sequester Cu under elevated Cu conditions.
It is worth noting that early studies identified a plasmid-
encoded P-type ATPase, CtpA, in Lmo strain DRDC8. A cognate
regulator or chaperone was not reported in association with
CtpA and CtpA appears to be needed for the full virulence of
DRDC8 (Francis and Thomas, 1997). However, this locus is not
present in other sequenced strains of Lmo (Corbett et al.,
2011). Despite the lack of ctpA in other Lmo strains, the observa-
tion that increased Cu sensitivity could lead to virulence attenu-
ation suggests that host Cu may play a role in controlling listeri-
osis under certain conditions.
Other Cu-Responsive Pathways?
Up until now, bacterial Cu resistance has been largely defined by
the CueR- or CsoR-like regulons. Recent work has shown
however that other Cu-resistance pathways exist. For example,
in addition to two parallel CsoR-type pathways in Mtb, a third
pathway required for Cu resistance is present in Mycobacteria.
Mycobacterial Cu transport protein B (MctB, Rv1698) was iden-
tified during the characterization of outer membrane protein
mutants (Wolschendorf et al., 2011). MctB is conserved in both
pathogenic and nonpathogenic mycobacterial species and re-
gulates intracellular Cu concentrations. The authors of this study
hypothesized that MctB acts as an outer membrane porin to re-
move excess Cu from the cell (Figure 3). CtpV, which is predicted
to be a cytoplasmic membrane efflux protein, may work in con-
cert with MctB in this process. Niederweis and colleagues deter-
mined that the intracellular concentration of total Cu is more than
10,000 times higher in Msm than in Mtb (Wolschendorf et al.,
2011). The authors of this work speculated that Mtb needs less
Cu because it is a slow growing organism (Mtb doubling time
20 hr versus 3–4 hr forMsm) or thatMsm has more Cu binding
proteins. Importantly, Mtb mctB mutant bacteria are far less
capable of growing in mice and guinea pigs (Wolschendorf
et al., 2011). Despite the strong association with Cu resistance,
it does not yet appear that CsoR or RicR regulatesmctB expres-
sion under conditions so far tested (Festa et al., 2011).
In addition to identifying a new Cu homeostasis protein in
mycobacteria, Niederweis and colleagues made the important
observation that Cu levels are elevated in granulomatous tissue
isolated fromMtb infected guinea pig lungs (Wolschendorf et al.,
2011), strongly suggesting that bacteria encounter Cu in the
host. It is perhaps not surprising that Mtb, which is not found
outside of humans, has evolved to have multiple Cu-responsive
pathways. Furthermore, this may also explain why the disruption
of a single gene such as ctpV ormymT is insufficient to produce
a robust, attenuated in vivo phenotype.
Virulence Roles for Cu in Fungi
Cu Homeostasis in the Baker’s Yeast S. cerevisiae
From a fungal pathogenesis point of view, and with respect to
understanding the mechanisms of Cu homeostasis in general,
the baker’s yeast Saccharomyces cerevisiae (S. cerevisiae) hasCbeen a powerful experimental system. While Cu homeostasis
in yeast has been reviewed recently (Kim et al., 2008), a brief
summary of Cu homeostasis in S. cerevisiae is useful here for
understanding the potential role of Cu in fungal pathogenesis.
Under conditions of Cu deficiency, high-affinity Cu uptake in
S. cerevisiae is mediated by two functionally redundant and
independent homotrimeric Cu+ importers on the plasma mem-
brane, Ctr1 and Ctr3. S. cerevisiae Ctr1 and Ctr3 are analogous
in both their function in Cu+ transport and their general struc-
tures, possessing three transmembrane domains and methio-
nine-rich regions that may directly coordinate to Cu+ during the
transport process. The expression of CTR1 and CTR3, as well
as the FRE1- and FRE7-encoded metalloreductases, is acti-
vated by the Mac1 transcription factor, which reversibly binds
to Cu-responsive elements (CuREs) under Cu-deficient condi-
tions (Jungmann et al., 1993; Yamaguchi-Iwai et al., 1997).
In the presence of elevated and potentially toxic Cu levels,
expression of the Ace1 Cu metalloregulatory transcription factor
is activated. The Ace1 amino-terminal DNA binding domain
forms a tetra-Cu+ cluster, activating its DNA binding function
and delivering the potent transcription activation domain to
target gene promoters. Ace1 targets include the CUP1 and
CRS5MT genes, and SOD1, which encodes a Cu,Zn superoxide
dismutase (Ehrensberger and Bird, 2011; Rees and Thiele,
2004). Interestingly although MT gene transcription in mammals
is induced in response to Cu, Cd, Zn and other metals, fungal MT
genes appear to be activated only in response to elevated Cu.
Cryptococcus neoformans: Is Cu Friend or Foe?
With the dramatically increased incidence of life-threatening
fungal infections on a global scale, studies of cellular homeo-
stasis and regulatory mechanisms in general have recently ex-
panded from S. cerevisiae to other fungal species of clinical
importance. Certain fungal species are opportunistic pathogens
that predominantly affect patients with immunodeficiency, as
a consequence of HIV/AIDS, cancer chemotherapies, diabetes,
or chronically administered immune suppressants. Here, we
focus on Cryptococcus species, which have become among
the most significant and aggressive fungal pathogens involved
in many recent Cryptococcus outbreaks even in healthy popula-
tions, worldwide.
Cryptococcus species such as C. neoformans are predomi-
nantly found in the environment on plants and in pigeon guano
and are transmitted in either the yeast or spore form. The spores
are 2 mm in diameter and enter their mammalian hosts through
the respiratory route. Once in the bloodstream, C. neoformans
crosses the blood-brain barrier through an unknown mecha-
nism, progresses to the encapsulated yeast phase and causes
lethal meningitis. Recent work has identified conserved Cu
homeostasis gene products in C. neoformans (Figure 4). Two
high-affinity Cu+ transporters, Ctr1 and Ctr4, are localized to
the plasma membrane and are partially functionally redundant
for growth under Cu-deficient conditions. While both the CTR1
and CTR4 genes are transcriptionally activated in response to
Cu deficiency, CTR1 has a high basal mRNA level whereas
CTR4 is only readily detected under Cu deficient conditions.
The Ccc2 P-Type Cu+ transporting ATPase and the CLC-A
chloride channel facilitate Cu loading onto laccase (Lac1), a
cell wall-associated, Cu-dependent oxidase required formelanin
formation (Walton et al., 2005; Zhu and Williamson, 2003).ell Host & Microbe 11, February 16, 2012 ª2012 Elsevier Inc. 111
Figure 4. C. neoformans Cu Acquisition and
Detoxification Pathways
The fungal pathogen C. neoformans has conserved many
of the Cu homeostasis proteins found in other fungi and
humans, but it exhibits unusual regulation of gene ex-
pression in response to Cu. Melanin is synthesized by
Lac1, which receives Cu in the secretory pathway through
the action of the cytosolic Atx1 Cu chaperone and the
Ccc2 Cu+ transporting ATPase. The Clc-A chloride
channel facilitates Cu loading in the secretory compart-
ment of S. cerevisiae. Ctr1 and Ctr4 are two partially re-
dundant, high-affinity Cu+ transporters largely localized to
the plasma membrane. MT1 and MT2 are predicted to
bind Cu+ and which have been shown to be essential for
Cu detoxification. Sod1 mutants are sensitive to oxidative
stress, have reduced melanin production and attenuated
virulence in mice. The Cuf1 transcription factor is required
for the activation of Ctr1 and Ctr4 expression in response
to Cu deficiency and for MT1 and MT2 expression during
Cu excess.
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ReviewMelanin formation is a critical virulence factor in protecting
C. neoformans from killing by macrophages and in evading the
host immune response during systemic infection (Garcia-Rivera
et al., 2005; Liu et al., 1999). Melanin is thought to bind ,O2
 and
provide other protective functions including cell wall mainte-
nance and resistance to high temperature and UV light (Zhu
and Williamson, 2004). Recent studies suggest that LAC1
expression is Cu inducible, linking Cu status to melanin produc-
tion and virulence inC. neoformans. Consistent with this hypoth-
esis, mutations in genes encoding proteins involved in Cu
delivery to the fungal secretory compartment (Atx1 and Ccc2)
or Cu loading onto Lac1 dramatically decrease Lac1 activity
and reduce C. neoformans virulence (Walton et al., 2005). More-
over, LAC1 is highly expressed early after infection, in keeping
with its role in protection from killing by pulmonary macrophages
(Garcia-Rivera et al., 2005; Liu et al., 1999).
Interestingly, quantitative trait loci analysis in C. neoformans
identified Cuf1, an ortholog of Mac1 in S. cerevisiae, as a gene
that contributes to many virulence related biological processes
including hyphal formation and melanin production (Lin et al.,
2006). A subsequent report showed that C. neoformans cuf1D
mutants exhibit low Lac1 activity and growth defects on Cu-
deficient medium (Waterman et al., 2007). Moreover, Ctr4 ex-
pression is elevated when C. neoformans is in a macrophage-
like cell line or in mouse brains (Waterman et al., 2007). The
observation that cuf1D mutants are attenuated in mouse infec-
tion models suggested to these authors that Cu acquisition,112 Cell Host & Microbe 11, February 16, 2012 ª2012 Elsevier Inc.rather than detoxification, plays a central role
in C. neoformans pathogenesis. However, the
precise relationship between C. neoformans
Cuf1 and virulence is further complicated by
recent studies that unexpectedly show a depen-
dence on Cuf1 for MT expression in response to
Cu excess (Ding et al., 2011). Correspondingly,
cuf1D strains exhibit growth defects on both
high-Cu and Cu-deficient medium. Additional
investigations are merited to ascertain the re-
lative contributions of the Cu acquisition and
detoxification pathways in C. neoformans
virulence.The mating process in C. neoformans is another critical factor
in C. neoformans virulence. C. neoformans mating leads to the
generation of airborne spores, facilitating the infection process
via inhalation. Interestingly, Cu has been reported to play a role
in the filamentation of C. neoformans, a morphological switch
that is required for mating. Heitman and colleagues observed
that wild-type C. neoformans filaments less well during Cu defi-
ciency, whereas filamentation is greatly induced upon the addi-
tion of exogenous Cu to growth medium (Lin et al., 2006). In
agreement with this observation, a ccc2D mutant dramatically
impairs filamentation, suggesting that key components of the
mating process that traverse the secretory pathway require
Cu, which is loaded into the secretory lumen by Ccc2.
Questions Going Forward
The increased awareness of Cu homeostasis systems in micro-
bial pathogens has raised numerous questions. How many
pathogens are affected by Cu in vivo? Has the use of Cu in the
environment affected the virulence of microbes? What regulates
host Cu transport during infection? Does the host suffer ‘‘collat-
eral damage’’ by Cu during an infection? Perhaps the compart-
mentalization of Cu+ in the phagolysosome would, at least in
principle, solve the problem of Cu toxicity to host cells. In addi-
tion to Cu in macrophages, some microbial pathogens en-
counter Cu in the cerebral spinal fluid, where Cu concentrations
have been estimated to reach over 100 mM under some condi-
tions (Waggoner et al., 2000).
Cell Host & Microbe
ReviewIn addition to the research summarized here, it is worth noting
that numerous studies have recently reported the identification
of Cu responsive regulators in other important pathogens,
including the Gram-positive bacteria Staphylococcus aureus
(Baker et al., 2011; Grossoehme et al., 2011) and Streptococcus
pneumoniae (Shafeeq et al., 2011). In S. pneumoniae, Cu resis-
tance is important for virulence in a mouse infection model,
just as it is for several other pathogens discussed here. Taken
together, that future studies will likely support the hypothesis
that Cu is a component of our innate immune arsenal used to
battle invading pathogens, and future research may help
develop therapies that enhance microbiocidal Cu toxicity deliv-
ered by the host.
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